High levels of xylanase activity (143.98 IU/ml) produced by the newly isolated Paenibacillus campinasensis G1-1 were detected when it was cultivated in a synthetic medium. A thermostable xylanase, designated XynG1-1, from P. campinasensis G1-1 was purified to homogeneity by Octyl-Sepharose hydrophobic-interaction chromatography, Sephadex G75 gel-filter chromatography, and Q-Sepharose ion-exchange chromatography, consecutively. By multistep purification, the specific activity of XynG1-1 was up to 1,865.5 IU/mg with a 9.1-fold purification. The molecular mass of purified XynG1-1 was about 41.3 kDa as estimated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Sequence analysis revealed that XynG1-1 containing 377 amino acids encoded by 1,134 bp genomic sequences of P. campinasensis G1-1 shared 96% homology with XylX from Paenibacillus campinasensis BL11 and 77%~78% homology with xylanases from Bacillus sp. YA-335 and Bacillus sp. 41M-1, respectively. The activity of XynG1-1 was stimulated by Ca
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Keywords: Paenibacillus campinasensis, thermostable xylanase, isolation, purification, characterization Xylanases (endo-1,4-β-D-xylanohydrolase; E.C. 3.2.1.8) are important enzymes for the degradation of the major hemicellulosic polysaccharide of hardwood, since they hydrolyze xylopyranosyl linkages of β-1,4-xylan [6] . According to the similarity of amino acid sequences of their catalytic domain, xylanases have been grouped commonly into glycoside hydrolase (GH) families 10 and 11. These two families differ in substrate specificity, enzyme action, molecular weight, and net electric charge [2, 18, 22] .
As the key xylan-degrading enzymes, xylanases have attracted considerable attentions because of their widespread application in various industrial processes such as pulp bleaching, animal feeding, baking and brewing, wastetreating, bioenergy converting, textiles, and production of xylooligosaccharides [2, 11, 18] . A number of xylanases have been shown to be produced by fungi, bacteria, and actinomycetes [2, 18, 20] . These xylanases from various microorganisms may have diverse physicochemical properties and structures. Thus, studies of microorganisms that utilize xylan and the enzyme systems involved are becoming increasingly relevant in ecological and economic terms [14, 18] . In recent years, major efforts have been focused on the isolation of thermophilic and alkalophilic microorganisms owing to their greater application potential for the pulp/ paper industry [10, 25, 27] .
Paenibacillus species are frequently isolated and identified from various sources for their ability to hydrolyze plant materials, in the last few years. Most strains of Paenibacillus species, like P. campinasensis BL11 [11] producing a thermostable xylanase and alkalophilic Paenibacillus sp. 12-11 [27] producing an alkaline xylanase, showed application potential for pulp bleaching. In this study, a novel strain, P. campinasensis G1-1, producing high levels of extracellular thermostable xylanase was isolated from samples collected from cotton stalk stockpiles in a paper mill in China. In order to characterize the xylanase from P. campinasensis G1-1, it was purified to homogeneity from culture supernatants by three kinds of chromatography. The attractive attributes of this xylanase suggest that it is potentially valuable for various industrial applications, especially for pulp bleaching pretreatment. Additionally, the xylanase-encoding gene from P. campinasensis G1-1 was cloned and heterologous expression of XynG1-1 in E. coli BL21 (DE3) was conducted for further study of this enzyme.
MATERIALS AND METHODS
Strains, Vectors, and Chemicals E. coli DH5α (preserved in our laboratory) and E. coli BL21 (DE3) (preserved in our laboratory) were used for gene cloning, sequencing, and expression, respectively. As a cloning and expression vector, pET22b(+) was from Novagen (Madison, WI, USA). Birchwood xylan, oat spelt xylan, carboxymethyl cellulose, Avicel, β-mercaptoethanol, sodium dodecyl sulfate (SDS), 2,2-dithiodipyridine, 1,4-dithiothreitol (DTT), and ethylenediaminetetraacetic acid (EDTA) were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Rice hull xylan and bran xylan were provided by Guanfu Fine Chemistry Ltd (Tianjin, China). Octyl-Sepharose, Sephadex G75, and Q-Sepharose were purchased from GE Healthcare Life Sciences (Beijing Branch Office, China). All other chemicals were of analytical reagent grade purity and obtained from commercial sources.
Isolation of Xylan-Degrading Bacteria
Cotton stalk stockpile samples were collected from Tianjin Guangjuyuan paper mill in China and transported to the laboratory. Samples of 1.0 g were dispersed in 100 ml of sterile water, and 1 ml of the suspension was transferred to 5 ml of enriched medium [birch xylan 1.0% (w/v), Bacto-tryptone 0.5% (w/v), NaCl 0.5% (w/v), pH 9.0], incubated at 37 o C for 48 h. The enriched bacterial broth was serially diluted and plated on selective plates [LB plates adding 1.0% (w/v) birch xylan], and incubated at 37 o C for 48 h. Colonies harboring xylanase activity were determined using the xylan-Congo red clearance plate assay [26] based on their ability to produce a transparent zone on the selective plates. The positive colonies were further purified and stored in 15% glycerol.
Bacterial Characterization and Sequence Analysis of 16S rRNA Gene Strain G1-1 with the highest capability of producing xylanase was identified by biochemical and morphological tests as outlined by the Bergey's Manual of Determinative Bacteriology vector and sequenced. Homologous analysis was then performed online with the NCBI BLAST software (http://blast.ncbi.nlm.nih.gov). The target sequence was compared with 16S rRNA sequences in the GenBank, and aligned with close relatives using the Clustal× 2.1 software. A phylogenetic tree was constructed with MEGA 5.05 using the neighbor-joining method [24] . Bootstrap analysis for 100 replicates was performed to estimate reproducibility of the tree topologies.
Growth and Xylanase Production Conditions of P. campinasensis G1-1 The strain was routinely cultured on Luria-Bertani (LB) agar plate containing 10 g Bacto-tryptone, 5 g yeast extract, 10 g NaCl, and 15 g agar per liter at pH 7.0, at 37 
Purification of Extracellular Xylanase
The culture supernatants of P. campinasensis G1-1 were collected by centrifugation at 8,000 rpm for 10 min after 48 h cultivation and salted out with ammonium sulfate at 70% saturation. After that, the precipitates were dissolved in 20 mM sodium phosphate buffer (pH 7.0; buffer A) and loaded onto a Octyl-Sepharose FF column (180 × 26 mm) pre-equilibrated with buffer A containing 40% saturation of ammonium sulfate. The target protein was eluted with a linear gradient (40%~0% saturation) of ammonium sulfate in the same buffer. Active fractions were loaded onto a Sephadex G75 column (500 × 16 mm) equilibrated with 20 mM sodium phosphate buffer (pH 8.0, buffer B). The xylanase active fractions were collected for further purification by a Q-Sepharose HP column (100 × 26 mm) using linear gradient elution from 0~1 M NaCl in buffer B. Finally, the purified xylanase was desalted by dialysis against deionized water and concentrated by freeze-drying. The protein content of each chromatographic fraction was determined by measuring the absorbance at 280 nm using a Bio-Rad purifier system. Protein concentration was determined according to the Bradford method [4] using bovine serum albumin as a standard.
SDS-PAGE and Zymogram Analysis
SDS-PAGE was performed based on the method of Laemmli [12] with the stacking and separating gel concentrations of 5% and 12%, respectively, and protein bands were visualized by staining with Coomassie Brilliant Blue G250 (Sigma). The zymogram for xylanase was performed by PAGE using a 0.1% (w/v) of birch xylan incorporated into the polyacrylamide [15] . After electrophoresis, the enzyme was activated by 25% (v/v) 2-propanol, and the gel was incubated at 60 o C for 30 min in 20 mM sodium phosphate buffer (pH 7.5), followed by staining for residual carbohydrates with Congo red solution (1 mg/ml), destaining with 1 M NaCl, and fixing with 5% (v/v) acetic acid. Clear zones in the zymogram indicate
